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The application of distributed temperature sensors (DTS) to monitor producing zones of horizontal
well through a real-time measurement of a temperature proﬁle is becoming increasingly popular.
Those parameters, such as ﬂow rate along wellbore, well completion method, skin factor, are
potentially related to the information from DTS. Based on mass-, momentum-, and energy-balance
equations, this paper established a coupled model to study on temperature distribution along
wellbore of fracturing horizontal wells by considering skin factor in order to predict wellbore
temperature distribution and analyze the factors inﬂuencing the wellbore temperature proﬁle. The
models presented in this paper account for heat convective, ﬂuid expansion, heat conduction, and
viscous dissipative heating. Arriving temperature and wellbore temperature curves are plotted by
computer iterative calculation. The non-perforated and perforated sections show different tem-
perature distribution along wellbore. Through the study on the sensitivity analysis of skin factor
and ﬂow rate, we come to the conclusion that the higher skin factor generates larger temperature
increase near the wellbore, besides, temperature along wellbore is related to both skin factors and
ﬂow rate. Temperature response type curves show that the larger skin factor we set, the less
temperature augmenter from toe to heel could be. In addition, larger ﬂow rate may generate higher
wellbore temperature.
Copyright © 2015, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fracturing horizontal wells have been usedwidely to enhance
production by increasing wellbore contact with the reservoir.
Meanwhile, the local inﬂow rates along a horizontal well may
vary because of reservoir heterogeneity and well completion
methods and so on. Recently, advanced technology, such as
distributed temperature sensor (DTS), has been installed in
horizontal wells as a part of well completion. This new tech-
nology provides us continuous downhole temperature data withtroleum University.
ier on behalf of KeAi
niversity. Production and host
creativecommons.org/licenses/bcertain accuracy. It is possible to reveal the downhole ﬂow
conditions from interpretation of measured temperature and
pressure data. Therefore a temperature distribution model of
fracturing horizontal well is necessary.
Temperature logs have been used successfully in vertical
wells to locate gas entries, detect casing leaks, evaluate cement
placement, and estimate inﬂow proﬁles [1]. 10 years ago, in-
terpretations of temperature proﬁles in horizontal wells are re-
ported to be useful to identify types of ﬂuid ﬂowing to awellbore
[2,3]. Foucault et al.[4] used DTS data to detect the water entry
location at a horizontal well. Fryer et al. [5] monitored the real
time temperature proﬁles to identify and correlate production
changes for the well in multizone reservoir. Johnson et al. [6] and
Huebsch et al. [7] calculated gas ﬂow proﬁles from the measured
DTS data. Julian et al. [8] showed that DTS data can be used to
determine the leak location in vertical wells. Huckabee [9]
applied the DTS data to diagnose the fracture stimulation and
evaluate well performance. Li et al. use of DTS temperature data
in bottom water reservoir, inversed inﬂow proﬁle along theing by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open
y-nc-nd/4.0/).
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valve (ICV) in the reservoir to research the relationship between
temperature proﬁle and the inﬂow proﬁle. Gonzalez et al. [10]
thought conventional testing methods are not suitable for the
development of shale gas reservoir, and presented the applica-
tion of DTS technology that could be able to provide continuous
real-time downhole information to describe the shale gas well
fracture and production.
Temperature models started from the temperature logging,
development so far, researchers have put forward some models
to simulate temperature changes under the steady state condi-
tion or non steady state conditions. Ramey [11] put forward the
earliest temperature model. Based on the Ramey's model,
considering the condensation factor (namely, the change of
phase state), Satter [12] modiﬁed the model of steam injection
well, and calculated the heat loss and wellbore temperature.
Witterholt et al. [13] put forward the model that described the
heat exchange model between the ﬂuid, wellbore and reservoir,
the wellbore temperature and surrounding reservoir tempera-
ture distribution are calculated. Smith et al. put forward the
JouleeThomsen effect generated in the pressure drop when the
ﬂuid ﬂows can signiﬁcantly affect the temperature curve. Miller
[14] presented one of the earliest transient temperature of
reservoir models, this model also presented the temperature
changes of reservoir will be affected by ﬂuid inﬂow or outﬂow
from a wellbore. Sagar et al. [15] established a general model to
predict the temperature proﬁles in two phase ﬂow well. Sagar
et al. [15] also extended Ramey's equation to inclined wells, and
considered JouleeThomson effect caused by pressure change
along the wellbore. Hasan and Kabir [16] further developed
Ramey's model. Izgec et al. developed a coupled wellbore/
reservoir model for transient ﬂuid and heat ﬂow. Yoshioka et al.
studied on the horizontal wellbore temperature with analytic
method. Using numerical solution, Li and Zhu [17] also
researched on the horizontal wellbore temperature.
On the basis of predecessors' work, this paper established
both wellbore, reservoir model and coupled model by consid-
ering skin factor. Reservoir temperature distribution which im-
pacts arriving temperature along wellbore is researched.
Wellbore temperature distribution curves of fracturing hori-
zontal wells are plotted. Finally, the effects of relevant parame-
ters are analyzed as well, especially for the skin factors and ﬂow
rate proﬁle along wellbore.
2. Model development
The model consists of a wellbore model, a reservoir model
and a coupled model, these models are as follow.Fig. 1. Differential volume element of a wellbore [17].2.1. Wellbore model
The model which consists of wellbore ﬂow model and well-
bore thermal model developed by Yoshioka et al. [18] was
adopted directly in this study. Wellbore ﬂow and thermal be-
haviors are steady state (Fig. 1).2.1.1. Wellbore ﬂow model
The mass conservation equation of the wellbore under steady
state conditions is:
dðrnxÞ
dx
¼ 2g
R
rInI (1)
g is the ratio of the opening section versus the total well length.
According to momentum balance, the pressure equation is
obtained by the following formula:
dp
dx
¼ rf n
2
x
R
 dðrnxnxÞ
dx
 rgðsin qÞ (2)
f is the friction factor. Ouyang [19] established a friction factor
model of horizontal wells.2.1.2. Wellbore thermal model
Based on the energy balance equation of temperature in the
wellbore, the horizontal well is assumed to be at steady state
with one-dimensional temperature. Ignoring the kinetic shear,
viscous shear and heat transfer between ﬂuids, the ultimate one-
dimensional single-phase steady-state wellbore temperature
equation is:
dT
dx
¼ KJT
dp
dx
þ 2
R

grInICp þ ð1 gÞUT

rnxCp
ðTI  TÞ 
g
Cp
sin q (3)
The general expression of UT is ﬁrst proposed by Willhite
[20]; where
UT;I ¼ g

rvCp

T ;I þ ð1 gÞUT (4)
Also, we neglect the heat conductions between ﬂuids.
Therefore, the heat ﬂux in the pipe open area consists of only
convection as depicted in Fig. 2.Fig. 2. Energy transport through a perforated/slotted pipe [21].
Fig. 3. Integrated temperature behavior [17].
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2.2.1. Mass balance
The mass balance for ﬂuid ﬂow in permeable media is given
as,
v
vt
ðriSi4Þ þ V$ðrimiÞ ¼ 0 (5)
according to the Darcy's law, the Darcy velocity is,
m ¼ k
m
$ðVpþ rgÞ (6)
We use the ﬁnite-difference method to solve the reservoir
pressure distribution. The ﬁnite-difference simulation is a black-
oil simulation model based on mass conservation equation in oil
reservoir.
2.2.2. Energy balance
Neglecting the kinetic energy change and considering con-
vection, conduction, viscous dissipation, and thermal expansion
in the heat-transfer problem, and dropping the time derivative
term gives [21]:
rCp

u
.
$V
.
T

 bT

u
.
$V
.
p

 V. $

KTtV
.
T

þ u.$V. p ¼ 0
(7)
The ﬁrst term in Eq. (7) is the thermal energy transported by
convection. The second term is thermal energy change caused by
ﬂuid expansion. The third term is thermal energy transported by
heat conduction, and the last term represents the viscous dissi-
pative heating.
2.3. Coupled model
The objective of the coupled model is to know the arriving
temperature TI, which depends on different well completion
method.
2.3.1. Reservoir and wellbore are connected
The model developed by Li and Zhu [17] was adopted directly
in this study. To solve temperature equations, Eqs. (3) and (7), we
must know the arriving temperature TI, which is the link be-
tween reservoir grid temperature and wellbore temperature
(Fig. 3).
The pressure from the grid to the wellbore becomes:
d2p
dr2
þ 1
r
dp
dr
¼ 0 (8)
Combining Eqs. (7) and (8), and solving them with appro-
priate boundary conditions, we obtain the arriving temperature:
TI ¼ T jr¼rw
T ¼ c1rn1 þ c2rn2 þ b (9)
The detailed solution for TI in Eqs. (7) and (8) is listed in
Appendix A.
Formation damage may occur during drilling, completion,
and production, which will increase the pressure drop and also
affect temperature behaviors for a given ﬂow rate. One way to
handle formation damage is to keep the same grid distribution,
but use a new effective permeability to estimate formation
damage. Assume the formation damage is radial range with
permeability kd and radius rd, as shown in Fig. 4.The effective permeability is derived as:
ke ¼ ln
reff
rw
$

1
ke
ln
reff
rd
þ 1
kd
ln
rd
rw
1
(10)
2.3.2. Reservoir and wellbore are not connected
If the reservoir and wellbore are not connected, the pressure
changes in the reservoir have no effect on the pressure in the
wellbore, these is no ﬂuid between the reservoir and wellbore. In
this case, Eq. (7) becomes:
1
r
d
dr

r
dT
dr

¼ 0 (11)
The boundary conditions are
T ¼ Tgrid r ¼ reff (12)
KTt
dT
dr

r¼rw
¼ UT

Tjr¼rw  Tw

r ¼ rw (13)
Solving Eq. (11), the arriving temperature TI of no connection
between reservoir and wellbore we can gain.
According to these equations, reservoir grid, arriving tem-
perature, and wellbore temperature are coupled together.
3. Solution procedure
We ﬁrst use the ﬁnite-difference method to solve the reser-
voir pressure distribution, and wellbore pressure is solved at the
same time. After that, use the pressure to solve the reservoir
temperature. Finally solve wellbore temperature with the tem-
perature integration relation between the reservoir and the
wellbore iteratively until the solution reaches convergence. The
condition for convergence is when the relative error is less than
106. The relative error is calculated by the equation below.
eTlwell  eTlþ1wellTeTlwell  eTlþ1welleTlwellTeTlwell <10
6 (14)
where eTlwell is the matrix of wellbore temperature. Superscript T
means the transpose of the matrix. Superscripts l and l þ 1
indicate a previous iteration and a new iteration, respectively.
Fig. 4. Estimate formation damage effect by effective permeability [17].
Fig. 5. Synthetic well completion method.
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We can obtain the reservoir temperature and wellbore tem-
perature iteratively. The well we considered is completed as
cased and perforated (Fig. 5). It is assumed that the well is pro-
ducing at a constant production rate (2400 m3/d) and the pro-
duction proﬁle is shown in Fig. 6. The details of the well and
reservoir properties are shown in Table 1.
The JouleeThomson effect is proportional to the pressure
drop in the system but which is more seriously near the wellbore
because of the larger pressure drawdown distribution. Therefore,
the higher the pressure drawdown, the more signiﬁcant the
JouleeThomson effect can be observed and the higher temper-
ature decline. Fig. 7 illustrates the inﬂuence of skin factor to the
reservoir temperature with the same boundary temperature. As
is shown in Fig. 7, larger skin factor section generates more
temperature increase which has an impact on the arriving tem-
perature TI.
The arriving temperature TI is related to skin factors and the
perforated locations. The arriving temperature proﬁle compari-
son between with skin factor and without skin factor is show in
Fig. 8, according to the picture, the arriving temperature
considered skin factor is higher than that didn't consider skinFig. 6. Oil ﬂow rate proﬁlefactor. The reason for this is larger pressure drop generates near
the wellbore in the formation with skin factor, ﬁnally larger
arriving temperature increases by JouleeThomson effect.
Another concern is difference in arriving temperature between
perforated sections and non-perforated sections decreases from
toe to heel, the phenomenon is caused by the conductive energy
from wellbore to reservoir.
The temperature along wellbore is related to skin factors, the
perforated locations. As is shown is Fig. 9, the temperature of
non-perforated section changes very small but it is very obvious
to the perforated section. The picture also reveals that wellbore
temperature turns high when the skin factor increases. In addi-
tion, the larger skin factor we set, the less temperature
augmenter from toe to heel could be.
Fig. 10 is the wellbore temperature derivative curve com-
parison between different skin factors. Comparing with well-
bore temperature proﬁle (Fig. 9), the temperature derivative
data of perforated sections almost hold the line. In the
perforated sections, larger skin factor corresponds to the small
temperature derivative, the reason for this is the difference
value of arriving temperature between perforated sections
and non-perforated sections turns small by considering skin
factor.
Fig. 11 shows the difference between arriving temperature
and wellbore temperature, as is shown in the picture, the
perforated sections are also easily recognized by horizontal line.
In addition, the temperature difference is larger by consider skin
factor because of larger temperature increase by JouleeThomson
effect near the wellbore.
The temperature along wellbore is also related to ﬂow rate
proﬁle. Synthetic examples include different ﬂow rate toin synthetic example.
Table 1
Basic parameters of reservoir and well.
Parameters Value
Reservoir deep (m) 2000
Initial reservoir temperature (C) 82
Initial reservoir pressure (MPa) 28.5
Permeability (mD) 20
Reservoir thickness (m) 10
Oil density (kg/m3) 850
Heat capacity [J/(kg (C))] 2194.0
Total heat conductivity [w/m (C)] 3.46
Reservoir size (m  m  m) 600  890  10
Gird size 60  89  1
The length of the horizontal well (m) 600
Well radius (m) 0.1
ID (m) 0.066
OD (m) 0.0889
The pipe wall relative roughness 0.01
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method is shown in Figs. 5 and 12 illustrates the different ﬂow
rate proﬁle in synthetic example.
The arriving temperature proﬁle comparison between
different ﬂow rate is shown in Fig. 13, according to the picture,
the arriving temperature with higher production (Q ¼ 2640 m3/
d) is higher than that with lower production (Q ¼ 2160 m3/d).
The reason for this is higher ﬂow rate generates larger pressure
drop near the wellbore, ﬁnally larger arriving temperature in-
creases by JouleeThomson effect. In addition, perforated sec-
tions and non-perforated sections are also easily to recognize by
jumping data.
Fig. 14 illustrates the wellbore temperature proﬁle compari-
son between different ﬂow rate and Fig. 15 shows temperature
difference between arriving location and wellbore. Both 2 pic-
tures show perforated sections and non-perforated sections but
Fig. 14 is less clear than Fig. 15. Besides, the ﬂow rate has impactFig. 7. Temperature proﬁle w
Fig. 8. Arriving temperature proﬁle withon the wellbore temperature. As is shown in Fig. 14, larger ﬂow
rate generates higher wellbore temperature increases because of
the higher arriving temperature. The temperature difference
between different production is large near the toe, but is very
small near the heel because of the different arriving temperature.
Furthermore, Fig. 15 shows smaller production generates larger
temperature difference between arriving location and wellbore
in the perforated sections. Besides the no ﬂow section
(480e600 m) in wellbore, the data is very small in non-
perforated sections which is as a basis for non-perforated sec-
tions judgment.
5. Conclusions
Wellbore temperature model of fracturing horizontal wells
considered skin factor is established in this paper. This model can
be applied to predict the temperature along wellbore.
Through a study on the coupling of reservoir model and
wellbore temperature model, then temperature response type
curves are plotted by computer programming, and temperature
inﬂuence factors are also analyzed.
Skin factor, ﬂow rate and well completion method are all
having an impact on arriving temperature and temperature
along wellbore, the well sections which have been perforated
could be easily to recognize.
It shows that the higher skin factor generates larger tem-
perature increase near the wellbore, besides, temperature along
wellbore is related to both skin factors and ﬂow rate. And also,
the larger skin factor, the less temperature augmenter from toe
to heel could be.
As a forward model, this model is the basis of the tempera-
ture interpretation of fracturing horizontal wells. In the future
work, an inversemodel which could translate DTS data into ﬂow
rate proﬁle, skin factor and other physical characteristics is
necessary.ith different skin factors.
skin factor or without skin factor.
Fig. 9. Wellbore temperature proﬁle comparison between different skin factors.
Fig. 10. Wellbore temperature derivative comparison between different skin factors.
Fig. 11. Difference between arriving temperature and wellbore temperature.
Fig. 12. Different ﬂow rate proﬁle in synthetic example.
Fig. 13. Arriving temperature proﬁle comparison between different ﬂow rate.
J. Cai et al. / Petroleum 1 (2015) 358e365 363
Fig. 14. Wellbore temperature proﬁle comparison between different ﬂow rate.
Fig. 15. Temperature difference between arriving location and wellbore.
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Cp heat capacity
f friction factor
KTt total thermal conductivity
p pressure
T temperature
UT heat transfer coefﬁcient
KJT JouleeThomson effect coefﬁcient
b thermal-expansion coefﬁcient
r density
m viscosityAppendix A. Integrated model for temperature at reservoir
and wellbore contact
To solve temperature equations, we must know the arriving
temperature TI, which is the link between reservoir grid tem-
perature and wellbore temperature. The following assumptions
have been made to solve TI:
1. Reservoir grid temperature and pressure are located at the
effective radius, reff, which follows the deﬁnition of Peace-
man's model:
reff ¼ 0:28
	
kz
ky
0:5
$Dy2 þ

ky
kz
0:5
$Dz2

0:5

kz
ky
0:25
þ

ky
kz
0:25 (A.1)
2. The permeability is isotropic and homogenous in reservoir
grid, which is given by
ke ¼

ky$kz
0:5 (A.2)3. Fluid ﬂow from the effective radius to the wellbore is radial
ﬂow.
4. In one time step, both the pressure and temperature are
assumed at steady state.
5. Because the distance from the grid to wellbore is very small,
the ﬂuid properties and saturation are treated as constant.
6. Effects of capillary pressure and gravity are ignored.
Based on these assumptions for coupling the reservoir and
wellbore, the pressure distribution from the effective radius to
the wellbore is given by
d2p
dr2
þ 1
r
dp
dr
¼ 0 (A.3)
This equation can be solved analytically for steady-state
condition. The solution is
p ¼ a ln r
rw
þ pwell (A.4)
where
a ¼ pgrid  pwf
ln

reff
.
rw
 (A.5)
The equation described temperature distribution from the
reservoir grid to the wellbore outside is
X
i

riCpiuri
dT
dr
þ
X
i
ðbiuriÞT
dp
dr
þ
X
i
ðuriÞ
dp
dr
KTt
1
r
d
dr

r
dT
dr

¼0
(A.6)
The boundary conditions for the temperature equation are
T ¼ Tgrid r ¼ reff (A.7)
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dT
dr

r¼rw
¼ UT

Tjr¼rw  Tw

r ¼ rw (A.8)
We get the velocity from Darcy's law
uri ¼ ke
kri
mi
dp
dr
¼ kekri
mi
a
r
(A.9)
Substituting Eqs. (A.4), (A.5), and (A.7)e(A.9) into Eq. (A.6),
and rearranging it, we get a second order partial differential
equation of temperature only:
X
i

riCpi
kri
mi
ake

1
r
dT
dr
þ
X
i

bi
kri
mi
a2ke

T
r2
þ
X
i

kri
mi
a2ke

1
r2
KTt
1
r
d
dr

r
dT
dr

¼0
(A.10)
Solution for this second-order differential equation is
T ¼ c1rn1 þ c2rn2 þ b (A.11)
Where
n1 ¼
u
2
þ 1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u2 þ 4 kea
2
KTt
X
i

kri
mi
bi
s
(A.12)
n2 ¼
u
2
 1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u2 þ 4 kea
2
KTt
X
i

kri
mi
bi
s
(A.13)
c1 ¼
rn2eff
aT
KTt
ðb TwÞ 

n2
rw
 aTKTt

rn2w

Tgrid  b


n1
rw
 aTKTt

rn1w r
n2
eff 

n2
rw
 aTKTt

rn2w r
n1
eff
(A.14)
c2 ¼

n1
rw
 aTKTt

rn1w

Tgrid  b

 rn1eff aTKTt ðb TwÞ
n1
rw
 aTKTt

rn1w r
n2
eff 

n2
rw
 aTKTt

rn2w r
n1
eff
(A.15)
u ¼
X
i
	
riCpi

kri
mi


kea
KTt
(A.16)
b ¼
P
i

kri
mi

P
i
	
kri
mi

bi

 (A.17)
For the arriving temperature TI ¼ T jr¼rw , just substitute r ¼ rw
into Eq. (A.11).
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